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Introduction
[2] Little is known about tropical dynamics at temperatures much warmer than today. Studies of altered climates generally focus on the range of warming expected over the next century, typically a few degrees. Some climates of the deep past-in the Cretaceous and Eocene in particularhave long been known for extreme extratropical warmth, but it was generally thought until recently that tropical temperatures were close to modern (as summarized by Huber and Sloan [2000] ). This view has been challenged by recent studies [Pearson et al., 2007; Huber, 2008] suggesting tropical sea surface temperature (SST) may have been as high as 35°C during the Early Eocene and perhaps 5°C higher during 'hyperthermal' events such as the PaleoceneEocene Thermal Maximum [Zachos et al., 2003] . These results warrant much closer attention to tropical dynamics under very hot conditions.
[3] Here, we study the response of the tropical atmospheric circulation to extreme warmth using a comprehensive atmospheric general circulation model (AGCM). We focus on changes in the zonal momentum balance and the possibility of equatorial superrotation-a state of the atmospheric general circulation with mean westerlies on the equator (I. M.
Held, Equatorial superrotation in Earth-like atmospheric models, 1999, available online at http://www.gfdl.gov).
[4] Observational studies of the modern climate show a close balance between momentum convergence onto the equator by tropical eddies and momentum divergence by the zonal-mean circulation, particularly the cross-equatorial solstitial Hadley cells [Lee, 1999; Dima et al., 2005] . As a result, equatorial zonal-mean winds near the tropopause are close to zero in the annual mean. In a warmer climate, the balance could tip in favor of superrotation if tropical eddy activity increases and/or the Hadley cells weaken. A number of model studies have in fact reported modestly increased equatorial angular momentum in response to global-mean warming of a few degrees [Lee, 1999; Huang et al., 2001] . Lee [1999] specifically attributed this change to increased MJO activity. Cloud-resolving model studies [e.g., Grabowski, 2003] and theoretical work [Moncrieff, 2004; Biello et al., 2007] suggests that the MJO naturally favors superrotation because of the intrinsic meridional and vertical tilts in the MJO's planetary scale structure. Based on this evidence, Tziperman and Farrell [2009] strongly advocate the idea that superrotation could play an important role in past and future warm climates.
[5] Our aim here is to document-for the first time, so far as we are aware-a spontaneous transition to strong superrotation taking place in a state-of-the-art AGCM. By 'spontaneous' we mean that the transition occurs naturally as part of the model's response to increasing greenhouse forcing, without the addition of an ad hoc equatorial heating perturbation as in previous work [Battisti and Ovens, 1995; Hoskins et al., 1999; Inatsu et al., 2002; Kraucunas and Hartmann, 2005] . The model experiments and results are summarized in section 2, the eddy structure is examined in section 3 and the results are discussed in section 4.
Model Experiments and Results
[6] We use the National Center for Atmospheric Research (NCAR) Community Atmosphere Model version 3.1 (CAM3) [Collins et al., 2006] . To explore the robustness of the transition, we employ 3 different model configurations: the default, modern configuration; a configuration with Early Eocene geography, land surface cover and no ice sheets [Liu et al., 2009; Williams et al., 2009] ; and an aquaplanet configuration. In all cases, the model is coupled to a slab ocean with prescribed ocean heat transport (OHT). For each configuration, we perform a sequence of simulations with successive doublings of atmospheric CO 2 concentration, starting from a preindustrial value (280 ppm) and reaching 5 doublings (8960 ppm) for the Eocene and aquaplanet cases, and 6 doublings (17920 ppm) for the modern case. The simulations are all conducted at T42 spectral resolution (∼2.5°× 2.5°). A 10 minute time step is used to ensure numerical stability in all cases. OHT is held fixed at the observationally-derived present-day value in the modern runs. The aquaplanet simulations uses the same OHT but rendered zonally and hemispherically symmetric. The Eocene is simulated using OHT and mixed layer depth derived from a corresponding set of equilibrated fullycoupled model (CCSM3) Eocene simulations [Liu et al., 2009] using the same CO 2 -doubling sequence as the slabocean runs.
[7] Figure 1 presents an overview of results. In the simulations with low CO 2 and modern or Eocene boundary conditions, equatorial SSTs are near modern values (∼27°C) and results agree reasonably well with observations, though it is clear that this model underestimates observed modern tropical eddy variability, as noted in previous work [Collins et al., 2006] . There is little change in the results as SST increases up to ∼33°C. Beyond this point, however, transient eddy activity becomes strongly sensitive to SST, increasing roughly 4-fold as SST rises to 47° (Figure 1a ).
Over the same range, tropopause westerly winds accelerate from near-zero to about 33 m s −1 (Figure 1b ). This change in the winds is due to increased momentum convergence by the transient eddies (Figure 1c) . Momentum divergence by the zonal-mean circulation also increases somewhat with SST, but much less than eddy momentum convergence; as result, the balance tips in favour of strong mean westerlies.
[8] Figure 2 compares climatological cross sections from the coldest and warmest aquaplanet runs. The colder run (Figure 2a) shows the conventional picture with near-zero equatorial winds, peak eddy activity in the midlatitude storm tracks and Eliassen-Palm fluxes directed upwards and equatorwards. The warm case is dramatically different, with much weaker eddy activity in midlatitudes-consistent with prior work [Caballero and Langen, 2005 ; O'Gorman and Schneider, 2008]-and peak activity at the equatorial tropopause (which has risen to around 70 hPa). Strong poleward Eliassen-Palm fluxes emanate from this region, indicating zonal momentum convergence which drives strong equatorial superrotation. At intermediate temperatures, the patterns Qualitatively similar changes take place in the modern and Eocene-configuration runs.
Nature of Equatorial Eddy Activity
[9] We now examine the spatio-temporal characteristics of the tropical eddy activity, focusing on the warmest aquaplanet run (Figure 2b ). Space-time spectral analysis, Figure 3 , reveals that zonal wind eddy variance at the equatorial tropopause is dominated by planetary-scale (zonal wavenumber 1) waves propagating eastward with periods between about 15 and 30 days (Figure 3a) . These waves are responsible for the momentum convergence required to drive superrotation (Figure 3b) .
[10] To investigate the spatial structure of the waves, we use empirical orthogonal function (EOF) analysis of the zonal wind at the tropopause level between 30°S and 30°N. Given the dominance of zonally propagating waves, EOF decomposition gives two leading modes with the same explained variance and structure, but shifted 90°out of phase in the zonal direction. The two leading modes each explain about 20% of the variance, and are very well separated from the third mode, that explains 6% of the variance. The principal components (PCs) associated with these two modes have maximum lag correlation of 0.6 at about 4.5 day lag; this implies a period of 18 days, in agreement with the spectral results above. We take the PC associated with one of the leading modes, and regress it onto wind, geopotential height, precipitation and humidity to determine the spatial structure of these fields associated with the leading mode.
[11] At the tropopause (Figure 3c ), the leading mode exhibits strong wavenumber-1 zonal wind anomalies with peak amplitude on the equator. A positive precipitation anomaly (indicative of a tropospheric latent heating anomaly) appears in the region of easterly flow. A prominent quadrupole structure is apparent in the height field, with anticyclones flanking the equator upstream of the heating perturbation and cyclones downstream. These structures can be interpreted as Matsuno-Gill-type Rossby-Kelvin wave couplets [Seo and Kim, 2003; Matthews et al., 2004] . The meridional tilt of these gyres is such as to produce zonal momentum convergence onto the equator. A vertical cross-section along the equator (Figure 3d) shows that the tropopause anomalies extend downward throughout the troposphere, taking the form of twin overturning circulations with low-level return flow maximising around the 800 hPa level. Low-level humidity anomalies appear roughly in quadrature with the heating.
[12] All these features are very strongly reminiscent of the observed modern-day MJO (see Zhang [2005] for a review). The 15-30 day timescale is short compared with the observed MJO's timescale of 30-100 days, however. This short timescale is also apparent in modern climate simulations using this model [Collins et al. 2006, Figure 10 ]. This might suggest that intraseasonal variability in the hot climates shares the same fundamental nature as that in colder climates simulated by the model; on the other hand, the hotclimate eddies could be closer to a true, slow-moving MJO mode which is then Doppler shifted by the strong superrotation winds. Further work is necessary to clarify this issue.
Discussion and Implications
[13] We find that CAM3 exhibits a spontaneous transition to strong superrotation when equatorial SSTs exceed about 33°C. The transition is driven by the onset of largeamplitude MJO-like intraseasonal variability in which uppertropospheric Rossby gyres induce strong zonal momentum convergence onto the equator.
[14] The transition to superrotation found here is rather gradual, with equatorial westerlies increasing smoothly with eddy variability. This is different to the abrupt transition found in previous work using 2-level models [Suarez and Duffy, 1992; Saravanan, 1993] . There is no seasonal cycle in these simplified models, and momentum convergence on the equator due to tropical eddies is balanced by momentum divergence due to extratropical eddy absorption at critical lines near the equator. As tropical eddy forcing increases, equatorial winds gradually accelerate until the critical lines disappear, allowing the zonal-mean wind to accelerate discontinuously into the strongly superrotating state. In observations [Lee, 1999] and in the AGCM, on the other hand, equatorial deceleration is due mainly to negative vorticity flux by the cross-equatorial Hadley cells. As Figure 1c shows, this flux actually increases somewhat as superrotation sets in. Hence the more linear response found here: superrotation increases roughly proportionally to tropical eddy amplitude.
[15] A transition to superrotation could feed back on climate in critical ways. Strong vertical wind shear in the tropics should affect convective organization on all scales, and in particular could inhibit the formation of tropical cyclones. It could also change the index of refraction of the tropical tropopause, affecting stratospheric circulation [Korty and Emanuel, 2007] . The disruption to the atmospheric zonal momentum balance and consequent reorganization of surface winds could also have important consequences for the global wind-driven ocean circulation. It has been suggested that superrotation would be accompanied by weakened easterly or even westerly surface stress along the equator, which could tip the Pacific basin into a 'permanent El Niño' state [Pierrehumbert, 2000; Tziperman and Farrell, 2009] . The slab-ocean configuration used here precludes coupled ocean-atmosphere variability, but we note that zonal-mean zonal wind stress along the equator drops by roughly 30% between the coldest and warmest runs in both modern and Eocene configurations.
[16] The outstanding question, of course, is what causes the tropical intraseasonal variability to amplify once temperatures exceed ∼33°C. This question is difficult to answer given the current absence of a complete and generally accepted theory for the MJO, despite consistent progress in that direction [Zhang, 2005; Sobel et al., 2008; Majda and Stechmann, 2009] . It seems likely that the amplification mechanism involves radiative-convective and surface flux feedbacks, and thus hinges on the model's sub-gridscale parameterizations. The parameterizations were developed and tuned for the modern climate, so caution should be exercised in interpreting these results. However, analysis of the bulk properties of tropical convection in the model [Williams et al., 2009] strongly suggest that the model is behaving as expected from quasi-equilibrium convection theory even in very warm climates. Furthermore, as noted in section 2, the version of CAM3 used here produces a rather weak MJO under modern conditions [Collins et al., 2006] , so there is no obvious reason to suspect that the model is intrinsically biased towards high-amplitude MJO variability.
[17] More work is needed to better understand the nature, realism and robustness of our results. Further studies using a range of conventional and superparameterized AGCMs and full cloud-resolving models would be particularly valuable, and we hope that this paper will serve to stimulate research in this direction within the modelling community. If the route to superrotation explored here turns out to be robust and realistic, the MJO would emerge as a dominant player in past and possibly future climate change.
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